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SYNTHESI S This application relates generally to automatic t ds
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cloclmmaﬁeqdabyldywidnmﬂlﬁ&q%k, f the reference clock. For exanple, 25
assum ng & ;E#QQMEI heiﬁmhedﬂeﬁcmﬂmdmmmw%ut of the divider

110 mu%ﬁ%ﬁ%m%%%ﬁ e rrade tolim%rﬁggwi t! %ﬁétg:ogcgf I/higo
UDon perfotmanyeofshase systemsiterds fodegede, however, when
lmtmgNandesmallervaluCSSwnﬁceSﬁequencyresoluhon.
An alternative approach called Direct Digital Synthesis (“DDS”) provides
mbmarﬂyhlghﬂequmcymhmon,bmaﬂhcexpenseofmcreasedwmplemty Fig. 1
20  illustrates a conventional DDS for generating clock signals. A phase accomulator 114 is
made to increment once per cycle of a reference clock. The size of each increment of the
phaseaocumnlatorll4lsrepresentedbytheoutputof(ﬁwdalw This value equals the
fall-scale value of the phase accumulator 114 (nominally 1) times the frequency of the
.desnedomputclock, divided by the frequency of the reference clock. For example,
.. 25 assuming a 100 MHz reference clock, the value at the output of the divider 110 would
) nominally equal 1/100 to generate a 1 MHz output clock. The phase accumulator 114
would then be made to increment by steps of 1/100 upon each cycle of the reference

clock.
This action of incrementing the phase accumulator 114 causes it to reach its full-

30 scale value and “roll over” once per period of the desired output clock. The values stored
in the phase accumulator 114 thus represent relative phase of the desired output clock,
with zero to full-scale representing 0 to 2x radians. Upon each cycle of the reference
clock, a look-up table 116 converts the phase stored in  the phase accumulator il4intoa
digital representation of the desired output waveform (generally the sine of the phase at

35 that instant). A digital-to-analog converter 118 then converts the digital representation
into voltage, and a filter removes artifacts from the output signal.




¢l ock. This action of increnenting the phase.accunulator 114 causes it to
reach its full- 30 scale value and "roll over" once per peri. q OiN PRIS
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Wth the foregoing background in mnd, it is an object of the_ invention to
generate clock signals froma reface clock nore econom cal Iy Tt HAN 2006 be
done usi ng 5 conventional techni ques. To achieve this object and other

obj ectywgasm7sy advant ages, a clock generator produP€BU0LRI08E- quant i zed
signal having a period equal to the period of a desired clock signal to
within a quantization error. A noise-shaping requantizer processes the
guanti zation error on a cycle-by-cycle basis to generate noi se-shaped

val ues, and a 10 vari agmﬁ@(b}nmmﬁctl vely del ays the

ti me-quanti zed signal by an 1 nteger nunber of reference clock periods,
based upon tote noi se-shaped val ues The effect of noise shaping the

quant i zat i Mﬂﬁhémgaﬁdba&gmmdh&hm¢dabaybmgctbﬂﬁem®ua.mm signal in
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Structure Fig. 2 is a sinplified block diagramof a clock generator 200 in
accordance with 5 the invention. It can imedi ately be seen%fhaiﬁﬁﬁﬁﬂilock
generator 200 bears a superficial resenblance to the DDS topol ogy of Fig.

1. Forywdsaiebe. the clock generator 200 includes apqewsopesostcunul ator 214

that is simlar to the phase accunulator 114 of Fig. I . The clock
generator 200 al so includes a divider 210 and a phase | ocked | oop 220. that
are simlar to the divider 110 and phase | ocked 120 of Fig. I |I. 10 Cow.

wi th the phase accuymy r, the period arnor 214
never reaches its ft i@%*%&égpﬁégdurlng nornﬁf operation; and thus does
not automatically roll over. Instead, the period accunulator 214 is
decr ement egddiﬁ bﬁ ahd AEEERRESofthORYentibi wilbbesbme i ncr erment ed

s contenfs’ eco

whenever i Iess th n on he.conte of the period
ac c unapparest frem a congifleration, Fﬁé@ﬁmfg 3@%%@ that are greater

t han and | ess than fuII-scaIe The elatlon is established by the action of

an unQer{LOM/ q { iiﬁgémcﬂ it dpefifds uad®, and a nul ti pl exor
222, i;"o!’%cer i tHe 5P IQd accunul ator 214. The under | ow
detector zzuwmsm@é thePisi he peri od accumnul at or 214 and

moni t pges BIoSk o&'helocbmenatosa@brdiﬁgeop}vnnmﬁ%cunul ator' 20 214

are | gss (PW L@tb1e 5k Rk dly 22dsdwiR fegloaR under f | ow
S|gna§ %W&§ﬁ%4k§%%§? sggée gHg ﬁ%r than or equal to one, the underfl ow
da@0ect or 2pueratoreffig 2 a0k he underflow signal. As shown in Fig. 2; the
under g4 Od‘isa%ﬁﬂéﬂbl&mﬁ?é@oﬁaﬁﬁeﬁﬁ%nwmmeGsﬂmﬂuhﬂMm 222, which

. receives two_in nd provi des one output The first input of 25 the
)nultlpIexdF”??ﬁpqgﬂ%gUpled to the output of the divider 210, and the second

i nput receives a fixed level -0." The divider 210 produces at its output
the quotient of its two inputs, .i,e., the desired period divided by the
reference clock period. This quotient equals, to the nunerical precision
of the divider, the. nunber of reference clock periods in each desired
out put period. As the underflow signal is asserted and de-asserted; the 30
quotient and the value "0" are respectively summed into the period

accurul ator 214 by the sumer 212. The summer 212 al so suns into the
period accumul ator 214 a val ue of '




to deerenent the contents of the period accunmul ator 214 on eefyJANf&iEnce
clock cycle. OMng to this structure, the underflow signal Is caused to
oscillate with a period 35 that precisely equals the desired period input
to theydjoshfes 210. Although this period is 5 2 7 JAM/REAR406© 02/ 17050
PCT/ USO1/ 24085 precisely correct on the average over tine, any individual
cycle of the underflow signal has an error of up to one period of the
ref erence clock. The underflow signal can thus be regarded as a
time-quantized verS|o | , Which suffers froma
guanti zati on erroP A@P&@%@ﬁ@@%@ﬁ?‘g riod. 5 Those skilled in
the at of data conversion have for nmany years used a technique called

"noi se raping” to requantize relatively high-resolution digital signals
into Stalotievel y | ow-resol ution signals, wthout sacrificing signal

LoeL LY o sl D S B0 Q0 icE ues%b%WLEQaLZnef.ts of

nmsseﬂsd}am;ﬁ@. nmmlymmwmmkng@ fpedigial o it 10
wthlggmﬁﬁw%h@ ‘Qﬁ‘” Ibp(;,eyﬁh Efﬂaedmt defi@ato£200l t i ng truncation
errors I'C const | ag S .0 | be i gnored.
Througwlﬂeﬂ aﬁﬁ?@gﬁ“‘\'ﬁ ‘I&‘f‘r‘ﬁﬂ'@a |t8hl %drc}?é’ﬁ% then added to
or sulthéd mmmmimhwdaﬂi@anéaph@ﬂ@k@dbﬁpm%%apl ng is to
redi sturi. t bk 990 & Irequantlzed SI gnal from a

rel at F‘\‘/%%%&“F%d%ar act erl Stll C tgﬁ)ﬁ% haz 3% @g oddecreasW noi se at

| dfler freq%%@s‘“ﬂ!‘) 1 q%%é equenC| es: The

hi gh- WZIWMMd@@M# Bpdessi ve | ow sags

Dfitter a#og,gg Pamabammm%mmmm be provi ded
Wi t hoﬁ@ Ol se&mﬂam nﬁ A sl niJti ca %vance tg t:gx 1&191& invention is to
-apply |gna yeas they have

preVJ 6 bive. mwoﬂmmﬁmmooammm@@o aigpetsogihal 5. | nstead of

e ‘%&5“%?. n%%%?on 2 m;ﬁ?ﬁ'ﬁfgﬁgﬁﬂﬁléfﬂ a;&g apuinuing win

r ef efence un érf | ow
ki smnnm'?.lz, admder?.l(l and a multiplexor 222, whlchactmconcm‘tm

accumultor 214. The underflow detector 224 is coupled to the output of the pmod
accumulator 214 and mondtors its contents. When the contents of the period accumulator’
20 214 areless than one, the underflow detector 224 asserts an vnderflow signal. When the
contents are greater than or equal 10 one, the undexflow detector 224 de-asserts the
underflow mgnal
As shown in Fig. 2, the underflow signal controlsaSELECTmputofthe
multiplexor 222, which receives two inputs and provides one output. The first input of
) 25  the multiplexor 222 is coupled to the output of the divider 210, and the second input
' receives a fixed level “0.” The dmdet 210 produces at its oulput the quohent of its two
inputs, i.¢., the desn‘ed period divided by the reference clock period. This quot:ent
equals, to the numetical precision of the divider, the number of reference clock periods in
each desired output period. As the underflow signal is asserted and de—asse_rted, the
30  quotient and the value “0” are respectively summed into the period accumulator 214 by
the summer 212. The summer 212 also sums into the period accumulator 214 a value of
“_1,” to decrement the contents of the period accumulator 214 on every reference clock
cycle.
Owing to this structure; the underflow signal is caused to oscillate with a period
35 ihat precisely equals the desired period input to the divider 210. Although this period is
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detector 224 is provided to the input of a variable pipeli ne3 ?e ?ms%g{ﬁ The
vari abl e pipeline delay 226 del ays the passage of the under#| al

an integer nunber of 25 reference clock periods. Significantly, a

noi se-wlaaphfash r equanti zer 228 establishes the nunBET/Us24085er ence cl ock
periods in this delay. As shown in Fig. 3, the noise-shaping requantizer
228 has a data input coupled to the period accumulator 214, for receiving
its contents, and a clock input coupled to the output of the underflow
det ect or 224 fo ecei ving the oid SFRd undERo t he 30
underﬂ’?"ﬁ\ﬁ?yﬁ‘?@? {hg ? #&qﬁ&oﬁs@s é|0| ng req aﬁtslig;gp produces new
out pumamleuesofup‘ﬁhenmp«mdpﬂﬂleﬁﬁrmgcbéﬁaﬂel@ﬁ“ﬂﬂﬂ el ay of the

vari a?éggpgd%] ‘%i’sﬁmofﬁhﬂeﬁeaw&kgm hﬂnahemﬁ‘abﬁemm pel i ne delay 226
e UI’I er

represents nal i se shaped at a "new' resolution--the
per i oduaptizatign esrer efugie %n %‘gﬂﬁﬁffﬁf‘u each period of the noise-shaped

unger f | OWTWMMWmdﬂmmgmnhMrmmWWﬁé@hﬁﬂ%k 35 peri ods
(as dgg%dg‘_g}i%ﬂa%&%% RigB-r&461ution & s{ggmsnmis errors are

resha -~ accur re nant.| Wth the
spect@@l@?@@ﬁhﬁ%@aﬁﬂﬁf W&Aﬁé%%] %%%;‘7’?5;‘6%0

PCT/ ﬂmﬂseﬁlt@hﬁp sifpatsrepressited by 16rbit velnes intodg-bifivglues.r equency noi se
(jitt ‘ﬁqu@r be ﬁﬁ%g‘e %tggﬁ&pagﬁ Wﬂm The signal at
the o p ase- | o W@ has ver ow ijtter and precisely
cdft r withia thefavaitablaiys ofc} Bn‘fl"g %m%‘% 8’31 | ne Delay Fig. 3

Shomc&&lﬁ%ﬁﬁahﬁsﬁaﬁbw\mﬂmhﬁypembmm@w@m s suitable for

use ththe cl oc Ficdtteddront Sthér egnnﬁwt 3, the
)varla W%lnclugg -lutﬁllt ne-P Dflip-flops
310a eﬂmmﬁamw ﬁ’e‘é'ﬂ I%ﬁ%“gﬁ%d 8 reference

cI 0CKg re maﬁmmmmmmw@lowﬁmw&t he fast D

odtp fﬂd&?ﬂ%ﬁ%""wﬁe ph%ﬁ*'“‘f"?%““*ﬁ% e g oy Z‘b‘n““‘*“ ¢ Cyele of the
rﬁferw W‘Fﬁé‘“ B@’ﬁgﬁrﬁtﬁ t hus. resenbl es
t hat dbe rvﬁﬂio&t uise shaping.

Am advance of the instant invention is to apply noise-shaping techmiques

to the timing of signals, whereas they have previously been applied primarily to the levels
20 ofsignals. Instead of shifting the spectrum of voltage-level noise, as is conventionally
done, the instant invention shifts the spectrum of jitter.

Continuing with reference to Fig. 2, the underflow signal from the underflow
detector 224 is provided to the input of a variable pipeline delay 226. The variable
pipeline delay 226 delays the passage of the underflow signal by an integer mumber of

25 reference clock periods. Significantly, a noise-shaping requantizer 228 establishes the
: ) number of reference clock periods in this delay. '

As shown in Fig. 3, the noise-shaping requantizer 228 has a data input coupled to
the period accumulator 214, for receiving its contents, and a clock input coupled to the
output of the underflow detector 224, for receiving the underflow signal. Each time the

30 underflow signal is asserted, the noise-shaping requantizer produces new output values.
These output values establish the amount of delay of the variable pipeline delay 226.
" The output of the variable pipeline delay 226 represents the underflow signal
noise shaped at a “new” resolution—the period of the reference clock. Although each
period of the noise-shaped underflow signal equals an integer number of reference clock
35 periods (as does the underflow signal before noise shaping), its errors are reshaped so that
they occur predominantly at high frequencies. ‘With the spectral errors shifted from lower
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The underfow signal and the output of each D flip-flop are coupled to
respective 15 inputs of a nultiplexor 312. One of these in@t?s,,}lﬂ&d 2alfect ed
at atime for passage to the output of the multiplexor 312, in response to
a sel eghoshse! " NS." The select signal NS is penesanedsby the

noi se- shapl ng requantizer 228. Based upon the input selected, the output
of the multiplexor 312 is either the wunderflow signal directly or a
version of the wunderflow signal that is del ayed by an i nteger nunber of

reference clock cycles. The al ue of .d [l om0 ton
referM@%mﬂ@%Wé eP‘FYe“":‘ﬁﬁﬁbtg%) ?ﬁsﬁ %"I"[ 31 Oa-31 On.
Beca e Ibdkedllcﬁpazﬁil'ﬂasighﬂratﬂindulpﬁ@fﬂmIMIM103}1111115 i nher ent

pr opagat L on, | fromthe nultiplexor 312 is typically
not aﬁ%@%ﬁ%@f%ence C g%k Preferably, therefore, an additional
flip-f lop 314 is provided at 25 the output of the multiplexor 312, to
realign the output of the nmultiplexor 312 with the active edge of the

r eber Detriled TRROIGY hough the flip-flop 314 adds one reference period of

delay to the output of the variable pipeline delay 226, the del ay does not
af f ecVatidhle Piraii'ne@edﬁy t he del ayed out put si gnal (| abel ed Del ayed

Under f | ow ‘”vgnahm’ ¥206 tRR istuikdbldRE 8ty adds a

const ant p‘fﬁ%rsa %fg%pjlehe order 01%1 sg&%geaéa‘_gﬁeflﬁ%kjantlzer 228

det ermthﬂsdqugmﬁ#‘?ﬁﬁ‘i’pﬁ 1$I oﬁ’f he vari abl e

p' pel m&ﬂdea& éﬁone&nﬂmmpfﬂopﬂlﬂaﬁldnms@ﬂdmwnéhaper provi des ei ght

ferent ? ugjt ggg \494 H§§ 'Hﬁ?'fﬂg Mfolt@be pi pel i ne del ay

é {‘} d - at east seven tE 3;;%@ o provide a

)tot al input of theifirstd} flipcfiop 108 KBie a&v‘i&&%ﬂé’ﬂ? “the flip-flops'
out p%\ﬁ?mafbt&. oﬁ%&emﬁbiﬁeyfﬂﬁdattfdmwpﬂw@lﬂaﬁhdﬁmylpckme mul ti pl exor

?I;é'zl'/ %n %%W@L%ﬁ@m!?r% Iczaﬁr noi s a ;]/rAl\N ?gogem red, the
noi sé shagdevmisuflow sienal fﬁfg “Elﬁ‘?g’ Y§ only three
f 14 p- i RPSE arhulEpleRdr 330, Wnelbﬁhdse mpasdmblecmmﬁxppmamémﬁant i zer
“output of the roultiplexor 312, in response fo a select signal “N/S.” The select mgnalNlS
| is generated by the noise-shaping requantizer 228. Based upon the input selected, the
output of the multiplexor 312 is either the underflow signat directly or a version of the
underflow signal that is delayed by an integer number of reference clock cycles. The
20 value of delay thus varies from 0 to n reference clock cycles, where n is the number of
flip-flops 310a-310m.
Because the flip-flops 310a-310n and the multiplexor 312 have inherent
propagation delays, the output signal from the multiplexor 3 12 is typically not aligned
. with the reference clock. Preferably, therefore, an additional flip-flop 314 is provided at
) 25  the output of the multiplexor 312, to realign the output of the multiplexor 312 with the
active edge of the reference clock. Although the flip-flop 314 adds one reference period
" of delay to the output of the variable pipeline delay 226, the delay does not affect the
period of the delayed output signal (labeled “Delayed Underflow”). The delay imposed
by the flip:flop 314 merely adds a constant phase shift.
30 The order of the noise-shaping requantizer 228 determines the minimum number
of flip-flops 310a-310n in the variable pipeline delay 226. Asisknown, a third order
noise-shaper provides eight different adjustment values (described below). The variable
pipeline delay 226 would thus need at least seven D flip-flops 310a-310n to provide a
total of eight different choices of delay (one from each of the flip-flops” outputs, plus one
35  for the underflow signal directly). The multiplexor 312 would then require at least eight
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Fig. 4 illustrates a noi se-shaping requantizer 228 that is suitable for
use with the 5 clock generator 200. The basic structure ofégg 33 ﬂgﬁlng
requanti zers (also called " noise-shapers”) is known to th NI

t he anto@in7esat @ conversion, and the noi se shapi ng rRQJVEAL24%r 228 i s
constructed in accordance wth that well understood structure. That being
sai d, conventional noise-shaping requantizers generally operate by first
separating an input data streaminto a first portion, generally regarded as

an "integer tlon secon Ll';\fg.w,“,@egar ded as a
frac’E‘P’&FraIf""é \5‘%};’%lg gecgg% 1659?:%:18% ent S the period
accumﬁlﬁf@fa@ﬁs&néﬂtauemmdmbshmﬂip)ﬂméwavﬂﬂ%wo pede shaper operates

are always |ess than one, only fractional values need be processed. The
por t i Noise-<Shaping\Reqguaotizeér noi se shapers that deal with the integer portion

of an inp nal are_t RE'SW LiiEh WOWER tighapi ng
requantlzg'{i fég'%mgﬁ ftﬂ% ﬁ@ neec#éd &tssl?& in Fig. 4,
t he. adockegesdrator 209. The besietstruetire pf poisesthap Qfﬁ" & generates one
out pﬁm&]sgm WﬁmdeMemefWifmon,mdﬂtmmeontents of the

#)38
perio accunul.at 214, ]?&dMgm%5| gnal : The
W%éf Mﬁagcés as a c|ock or.th hapi ng

under

requant i z@mmmumﬂ@%mam@wg 8%%?‘” the contents
of tf(}.%%él&ﬁ,lggﬂnﬁﬁ? &tﬁhﬁﬁmgiﬁrﬁp&ﬁaﬁgh&wy&éptﬂedmm‘hmega’éponse tv the
and unnder,f |

resi . W Si esiaet | zer 228
g%ermgﬂﬁf‘ﬁﬁww g@{bﬂe ' ang W&ﬁ v tﬁ‘g‘dependl ng upon
. the cbechnathabonmﬁwﬁlhtszmségwmqh@ﬁ?l&@e W’d%”b‘lﬂ%‘l pi ng requanti zer
) 228 qf, g&gxﬂo}ﬁm arel dwdyd w&ﬂ%oﬁwbﬂ?ﬁMWaluémmwpmc@s@ener ates ei ght

t output va

d|fferen .ues.. which r %4 ;E&;@tse val ues are
repr MWW@B@%% are pr;ferab provi ded
di re&ignﬂmmﬂﬁeﬁ)rsetcbdedﬁupﬁhe ngfsetshaping rPquaptize £48 vari abl e,

pL el del ay 226. The connections of the nulti pI exor 312 are arranged so
t hat-

a val.ue, of sel ects t md(the under f | ow.
signal di r‘“éé}f"? ?P g'ﬁﬁ %Ig% Wse?ect 30 a g}% of#ncream ng
del a;genehateﬂimm#ﬂlemms op in the
chai Rehfisordida Qcoﬁiﬁymlsthé'hﬁlefﬂahmguabvﬁemhdﬁxﬁmmﬂe shapi ng

;gguae/&lﬁcltfz“g@ 28 %@3{1’% resi due ngﬁggﬁmf . ﬂ%m%pl pel i ne del ay
20 state every time the contents of the period accumulator 214 become less than one.
In response to the residue and underflow signals; the noise-shaping requantizer
228 generates anoutput signal N/S, the range of which varies depending upon the order
of the no:se-shapmg requantizer 228. The noise-shaping requantizer 228 of Fig. 4isa
third-order noise-shaper. As such, it generates eight different output values, which range
) 25 from-3to+H4. | |
. These values are represented as 3-bit binary numbers, which are preferably
provided directly to the select input of the multiplexor 312 of the vmable pipeline delay
226. The connections of the multiplexor 312 are a:ranged so that a value of -3 selects the
path with the least delay (the underflow signal directly), and increasing values select
30  paths of increasing delay. A value of +4 selects the output of the 7 D flip-flop in the
chain 3102-310n (not shown). The output N/S of the noise-shaping requantizer 228 thus
modulates the delay of the variable pipeline delay 226, in response to the residue values
contained within the period accumulator 214, when those values cross below one.
In general, the higher the order of a noise-shaper, the more sharply the noise-
35 shaper transfers noise from lower to higher frequencies. Therefore, higher order noise-
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contained within the period accunul ator 214, when those Val;fﬁ%g@ﬁis bel ow
one. In general, the higher the order of a noise-shaper, Ratl y
t he noi se- 35 Shaper transfers noise fromlower to higher frequencies.

Ther ef wp@znfosggher order noise -8 2 7 JAN 2005 WO 02p¢@m090/248%/ US01/ 24055
shapers are generally preferred. However, higher order noi se-shapers take
up additional space, and have nore conpl ex inplenentations than | ower
order noi se shapers. Hi gher order noise shapers also require that the

vari abJ e pi peline del have ditional f]i 310n, and that
t he @%W@Wi’@@z Eg ﬁiﬁ{ﬂ s%@’cgs ounﬁ%‘%ﬁt hat a good
comrmm&ﬁmemﬂmmhwnmm&nnﬂm@rmnﬁsqm Highdsi rd or der noi se
Shape;ier ndi Eél@u@ﬁ{f&e%&%ﬁ! g il 2 GhivRRRiodA Ry, the thi rd
order nol se tizer f l.ude plurality of
summe Qpﬁlﬁﬂﬁaﬁl@’ 312&?’8 “ﬁ‘%@ “&E’d‘ ‘gspﬂfmﬁf % | at ches

418, 4ﬁﬁt£§&d&8ﬁpmﬁiﬁbéﬁ®enﬁm’dmmﬁcm;tymmhselﬂhhﬁer ated sign; the

val ue at its two i nputs and produces an output signal.. The | atches 412,
416, ~2420 are constructed to formfirs nd, and thi.rd cascaded
accumul at déxeminingthe neissshpper strprRuTs in BoFe d wié‘aecfﬁ"?aﬁehn%& d with the

I nputm&tnnwgzsemgmddd@gpwmmﬁmme 4804184420, 42,426,138,

o ® '*?a%‘%ﬁpﬁﬂahﬁﬁ%h%“fﬁasggﬁ .4%‘% G SEabﬁe R gl

E¥@ nt the fidicated sign.che yales ot itsdweAnmutsaid ¥ttt signed an accunul at or
becormes 1 1teHe9 217, 916, mmwammuwngmmmmmmnuate and an

over fl ow,sj gnal s [0 \ first, second,
and tm&mwgﬁpm %h%%%‘?is@%%ﬂ %42 are

st r i pyfdle comaspohdingsunter (SNIBOATS rs and funnel ed

di r eCdabibq h:%ﬁttb‘hﬁlﬂbﬁ,ﬂﬂﬁchﬁﬁﬁbﬁk&hiwmewhwpbh&mmmw gnal s are
fﬁn %ﬁed tput. The noi se-shaping requantizer 228 also includes

rs "circuits for processing the overflow signals enroute
to the nomp@po@mmmw } Ay Asrirulator becomes

toolargefortheconwpondmglatchmaccomodate,andanoverﬂowslgualm
produced. Theovexﬂows:gnalsﬁ'omﬁwﬁxst,second,mdthn'daccumulators
(respectively signals 440, 442, and 444) are stripped away from the outputs of the
20  respective summers and funneled directly to the N/S output. Preferably, only the
' overflow signals are funneled to the output.

The noise-shaping requantizer 228 also mcludes“ﬁrstd:ﬂ'erence circuits for
processing the overflow signals enrouts to the noise shaper’s output. Each first difference
circuit includes a summer (e:g:, 224 or 228) and a latch (e.g., 430 or 432, respectively) for

25  subtraciing 2 previous value .(tﬁe Q-output of the respective latch) from the current value
(the D-input of the respective latch). Summers 422 and 426 are also provided for
preducing the N/S output signal.

For simplicity, the specific bit widihs of signals shown in Fig. 4 have been
omitted. The bit widths and specific construction of the summers and latches have also

30  been omitted for clarity. However, the detailed construction of the noise-shaping
 requantizer 228 is known to those skilled in the art. Those skilled in the art would also
realize that the specific topology shown in Fig. 4 can be varied significantly to appear
quite different from the topology shown, while effectively accomplishing the same result.
Therefore, the topology of Fig. 4 should be regarded as one example of many different
35  noise-shaper topologies that are well known, the specific form of which is not critical to
the invention.



circuit includes a sunmer (e:g ., 224 or 228) and a latch (ng?,JﬂEQZﬂy?
432, respectively) for 25 subtracting a previous value (the Q output of the
respective latch) fromthe current value (the D-input of the respective

| at ch) woQuises S 422 and 426 are also provided for peousii240§5the N S

output signal. For sinplicity, the specific bit widths of signals shown in
Fig. 4 have been omtted The bit wi dths and specific construction of the
sumers and | at ches have also 30 been omtted for clarity. However, the
detail ed construction of the noise-shaping requantizer 228 is known to

t hose Pél@ﬁﬁ'l'—@ﬂ‘ﬁdnl-‘!% art. Those skilled in the art would also realize that

the specifig of the Fhritbleipeiine debay\2a6 iseodetdyedii fi cant |y to appear

quite di fferent %rom )E shovvn conpl i shing

the sapderfles &’Wé’%"{“?gx JFETCss Y ow%“g‘["‘{‘% éhou:ﬁcs Eé regarded as

one emﬂe&mﬁmmw@w&apwwmmww kdvegciehat are wel |

kn wn 6wg-agﬁﬂlsh<§1ﬂd feeablynvention. 2 7
BB?%W?SW 085 P ase Lpgqn lélzﬁs tated above, the

out pube bighlysensijiye fuHFis- ‘T H%nﬁ ”“‘ Ul | ow si gnal

t hat %%Wﬁsﬁ@ﬁ@wlmﬁdkmpsh{aﬂdmmquency spectral purity.

Because t I’@ co.r!E &%qmpye&giéﬂ byaRing tit telphildef ested on a
cycl e-by-c cess of |Iter|g.gl#|tteg_ﬁ%ré&g1the del ayed
underldcb&dlgﬁilgm &?F]Ei’ﬁ Cycl e-to- cycle

ti1gi NPt Aedelaybs mnﬁlovedgﬁabanWHeLmeﬂ@pwommﬁﬂhthe found that this

means hase- 1,0 %gmralsolgemgamlhd,y[fﬁfg t he phase-| ocked
3zfgcﬁ%ﬁﬁmf it e S

bet weg ofriphit 2otSing!the diviehtion to Eiilgn aghievn its fulllbemtfit. out put signal (the two

i nputs to'fhe o écﬁ%a%ﬁ?&c&'ﬁb@@tor s out put
Isggglrd al sl'L %ﬁf@%#ﬁ%% eﬁltor not 1'[“?8%&[‘1 the out put

¢l oCKip theéifipit 8f thB phise ﬂaaﬁmmhhmlﬂ&andtlmlcb@huldwfﬂablﬁ?ewﬂﬁwWGf it For
gener gl Lt %&eop%‘és%&wopg ohthEIHASL e i Tt RRE SIB6L) st AEixddghaseence cl ock
relative to the output clock’s period. This fixed phase preferably corresponds to the zero-
crossing of the output clock. The interval around the zero-crossing corresponds to the.
20 interval during which noise-shaping of the delayed underflow signal affects the phase
detector’s output. Bysamplmgdmmgihwemt&rvalsandholdmgbetwcenthem,the
sensitivity of the phase-locked loop to nmse-shapmg can be enhanced.

Implementation
With the exception of the phase-locked loop 220, the clock generator 200 can be
") 25 implemented entirely with digital hardware. This hardware can take the form of discrete
- digital devices, or, preferab!y, partor all of a Field-Programmsble Gate Array (FPGA) or
Application-Specific Integrated Circuit (ASIC). If a mixed-signal ASIC is used, the
entire cireuit can be implemented within that one device.
The component cost of the clock generator 200 is negligible, except for the phase-
30 locked loop. Phase-locked loops are widely used in automatic test equipment, however.
We belicve that the digital circuitry that constitutes the clock generator 200 can be added
to existing designs that already use phase-locked loops to provide accurate, low jitter
clocks at minimal additional expense.
Using a 100 MHz reference clock and a third order noise shaper, it is believed that
35  sub-picosecond jitter is attainable. While maintaining this performance level, the
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15 frequency, additional performance advantages can be gai ned by adding a
sanpl e-and-hold to the. output of the phase detector. The sanpl nd- hol d
- shoul d preferably be configured to sanple the phase detectorzslobﬂﬁ nce
per cweb@z/fset he out put clock, at a fixed phase rePCR/USHY24085 t he output
clock's period. This fixed phase preferably corresponds to the zero-
crossing of the output clock. The interval around the zero-crossing
corresponds to the 20 i nt erval during whi ch noi se-shapi ng of the del ayed

{ hesc orpitty o BE phieoBfed ity BOBRER oot NS TOriiz b B seln TP | 18 D10 2
Iockedmbsmhemdmfsmgblmmﬁyomhn be enhanced. inplenentation Wth the

exception of the phase-|ocked | oop 220, the clock generator 200 can be 25
i npl eAlfermativestirely with digital hardware. This hardware can take the form

of discret | evl aﬁgﬁ&i of a
Field..Pr &%@WM %ﬂ?‘ﬁ@? or | cat | on Specr fic Integrated

(@] 5cuvma(.i¢xe|c®)1db¢made m xed-signal ASICis used the entire circuit can be

i npl emsnt efhe Wb lwmmmmmhamﬂommm cl ock
gener 00 is bI | oop.

Phase® ‘ké W%&@g%r%&ww?‘ﬂé@ h‘%‘ @%@Q est equrE%g’nt however .
e beproadmgﬁmbeﬁﬂ@edb@ﬂn@ab@ﬂ@%w% mplekid®: t he cl ock generator

200 ¢ W%&ﬂo@&mmwmmmﬂgﬁhme phase-1 ocked | oops

th prov de accurate letter clocks at mninal additional expense.
d’“ﬁé‘%@r M ®¥ice clock and a third order noise shaper it is

bel i eved WSWMMWQQWW%W$§W@M&WP%W %© mai ntaini ng

“ Ythis Mns?m%htsmp&m&ﬁbzmmam/ US01/ 24085
" bandw h t he phase-| ed | .2 a 100 kHz, to achieve
set t | RS W h‘e‘?"ﬁ‘gli"? %Zl}os%qﬁlgea ﬁ'gaﬁi g?rosec %d@g terpatives Having
des c rachmshlgorccan b vaileoreount ppminsisad o auamberof itsy

15 andtocountdown——msmdofup—whennscontents Cross. athrmhold The.directions
ofmmmenhng ordecxmnenhngandnotsugmﬁwnt,aslongasthepmodaccmnulamns
affected in opposite ditections by the two actions. In addition; the threshold need not be
“1.” but can be any number that represents the point at which the period accumulator is to
be refreshed. Typically, the period accumulator 214 is 2 multi-bit register, for example, a

20  32-bit register. What is refezred to as “1” above actually corresponds to a binary nmber

" between 0 and 2-1. The mumber “1” is chosen merely for mathematical simplicity.
Those skilled in the art know how the actual binary values should be scaled to produce
the desired result.

In the description above, the “desired” output clock has the same frequency as the-

: ) 25  dividend that is input to the divider 210. This is merely an example, however. By

- varying the amount by which the period accumulator 214 iy incremented compared with
the amount by which it is decremented, the output clock period can be varied to
something different from the “desired period” that is input to the divider 210. The output
clock frequency can also be varied by applying frequency gain to the phase-locked loop

30  220. Asthose skilled in the art are aware, phase locked loops can be configured to
muitiply or divide frequency, or to produce an N/M combination of multiplication and
division of an input signal. Therefore, invention should not be considered as limited to
producing a clock signal with exactly the value input to the divider 210.

It should be understood, therefore, that the particular implementation of the
35 invention disclosed herein could be widely varied by those skilled in the art within the
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5 variations could be made. The noi se-shapi ng requanti zer 228 fzsr@ﬁe? 5
descri bed above as a third order noise shaper. However, this eiw and
exanpl e. Hi gher order noi se shapers could be used, providing even better
per f orpgpsifesebut at the expense of increased conpl eeaTigso/S0ss | arly, | ower
order noi se shapers can be used, with correspondingly |ower 10
peerfformance and conplexity. As described above, the period accumnul at or
214 i s decrenented upon each cycle of the reference clock and increnented
when its contents fall bel ow one.. This. structyr can be. wi dely varied,
howevésepe ¢fjthe invrntion | Therefore; the jpentigp .m4§§”h&%&ﬁBﬁQPY?ﬁﬁggﬁg@gd accumnul at or
can bgopPétand tlatap- i nst ead of down-by an arbitrary nunber of bits, 15
and to ‘count down--instead of up-when its. contents cross a threshold. The
directions . of incrementing or decenenting and not-significant, as long as
the period accunulator is affected in opposite directions by the two
actions. In addition, the threshold need not be "1," but can be any nunber
that represents the point at which the period accunulator is to be
refreshed. Typically, the period accumulator 214 is a nmultibit register,
for exanple, a 20 32 bit register. Wiat is referred to as "1" above
actually corresponds to a binary nunber between 0 and 232-1. The nunber
"1" is chosen nerely for mathematical sinplicity. Those skilled in the art
know how t he actual binary values should be scaled to produce the desisted
result . In the description above, the "desired" output clock has the sane
frequency as the 25 dividend that is input to the divider 210. This is
nmerely an exanple, however. By varying: the anount by which the period
accunul ator 214 is increnented conpared with the amount by which it is

- decenented; the output clock period can be varied to sonething different
fromthe "desired period" that is input to the divider 210. The out put

cl ock frequency can al so be varied by applying frequency gain to the
phase-| ocked | oop 30 220. As those skilled in the art are aware, phase

| ocked | oops can be configured to multiply or divide frequency, or to
produce an M N conbination of nultiplication and division of an input
signal. Therefore, invention should not be considered as limted to
producing a clock signal with exactly the value input to the divider 210.
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It should be understood, therefore, that the particul ar inplenent ation of
the 35 invention disclosed herein could be wdely varied by gI}o bh‘i

in the art within the -11 2 7 JAN 205 WD 02/17050 PCT/ US01/ 24085 scope of
t he | mweowizasm. Therefore, the invention should be IRGHUSEH248%8 y by t he
spirit and scope of the appended clains. WD 02/17050 What is clained is 2
7 JAN 20f5 PCT/US0/ 24085 1 1. A method of producing a desired waveform
having a desired period, conprising: 2 generating a tine-quantized signal
having a period that is substantially equal to 3 the desired period to

Wi t hi qaa.nt l,zation error, 4 determining, on a cycle by cycle basis of
the d 9 orm a reS|due signal 5 indicative of the quantization
error 6 noi se shaping the residue signal to generate at | east one

e qﬁgﬁ v Mw@%g an mtervééwlggéermﬂ Laglg%fﬂ?g nsgftghtehe at

I e'hst onegmgs n claimi,
wher ehd\desi@ ek wmh weltizdtighetrort S produced 2 in response to a reference

Sbﬁitkan?.”ﬂft?%%&a%yc'%xﬁ biﬁﬁger F e bl bl P08 BB Pence ol ook, 1

35 Thmmwhamem claiml, wherein the step of noise shaping
el udes n Qi Ghing thetidub Sghdl td @heraf@ at logst biewisguhated zigdal; aidgnal from

£ ﬁéhvﬁ's@@%?@xadew% ek tf%}?&%ﬁ*ﬂ?‘#é’s@ﬂ SR TVETy i aying 2

modmmmwmmﬁeeh@%ﬁm- and further conprising a step
of renmoving jitter 3 from the delayed tine-quantized signal. 1 5. The

) rret hgd as,nrwecet{m‘ii in.clLai r&ml %erﬁ ﬂewﬁ%ﬂ%ﬁ@mﬁﬂ&dj itter includes

2 inresponse to a reference clock, and each cycle of the time-quantized signal has a period
3 that substantially equals an integer number of periods of the reference clock.

1 3. . Themethodas recited in claim 1, wherein the step of noise shaping includes
2 ‘redistributing jitter in the time-quantized signal from relatively Iower frequencies to
3  relatively higher frequencies.

1 4 The method as recited in claim 1, wherein the step of selectively delaying
produces.a delayed time-quantized signal, and further comprising a step of removing jitter
3 from the delayed time-quantized signal.

1 5 The method as recited in claim 4, wherein the step of removing jitter includes
2  passing the delayed time-quantized signal through a phase-locked oop.

1 6 The method as recited in claim 5, wherein the phase-locked loop has a cut-off
2 frequency that is lower than frequencies at which the delayed time-quantized signal
3 includes substantial jitter.

7. The method as recited in claim 6, wherein the phase-locked loop generates an
output signal and includes a phase detector that generates an output signal, the method

further comprising:
alternatively sampling and holding the output signal of the phase detector,

B W b

-13 -



2 passing the delayed tine-quantized signal through a phase-locked |oop 1
6. The method as recited in claimb5, wherein the phase-lockegd 7 Qb Irags a
cut-off 2 frequency that is |ower than frequencies at which the del ayed
time-qugltiAad signal 3 includes substantial jitterpciuséiz4bbe nethod as
recited in claim®6, wherein the phase-|ocked | oop generates an 2 out put
signal and includes a phase detector that generates an output signal, the
met hod 3 further conprising: 4 alternatively sanpling and hol ding the

out put signal of the phase detector, - 2 7. JAN 2005 /17050

PCT/ US01/ W@GM@%iWWP&PW@%é’ﬁSMY% ﬁc%é’y\ﬁﬁgﬂ ﬁ%gt ent phase

r e at butputisipgnslag the@lisedochéd lobp 6 out put signal of the phase-locked |oop. 1
8. The method as recited in claim2, wherein the step of generating the
time- 2 qua signal conprises: 3 ingrenmentipng a regjsfer in, a first.

di tecd.i on mmwlwmzpﬂq%mﬁmﬁggmm ¢B®E: clock; 5 detecting

when hhRisegRighal :he register cross a predetermned threshold in the 6
fiyst direction.. and 7 incr | g séodidtthe’ €01 Ster in a
setond di %WS%%‘E&%&EF#E@& gf‘?h rtgg%%%h, Fesponsive to the

det eceferapestlogk; 1 9. The nethod as recited in claim8, wherein the step of

| ngrenment i&f[lcﬁﬂé' WA e Masts ofihélidpRa tios d piedeRiminbd thidshold dgthet er by an
a%un equal. to the desired period divided by the 3 preference clock
pel i o%?‘@feﬂ?“r method as recited in claiml, wherein the step of

sel ect i veligcradnting the conierits nfdbe registgrin a\spoqnd dirpction, opposite heifBRy si gnal by an
i@ewﬁoﬁ%ﬁ@mwck periods. 1 11. A clock gar, conprising: 2
. a period quantizer that generates a tinme-quantized signal in response to a
“ Yreference 3 clock o
100 The method as recited in claim 8, wherein the step of incrementing in the second

2 - direction increments the register by an amount equal to the desired period divided by the
3 ‘reference clock period. '

1 -10. Themethod as recited in claim 1, whercin the step of selectively delaying includes
 delaying the time-quantized signal by an integer number of reference clock periods.

2
1 11. A clock generator, comprising:
2 a period quantizer that generates a time-quantized signal in response to a reference
3 clock;
4 a noise-shaping requantizer coupled to the period quantizer and generating noise-
5  shaping signals in response to quantization errors of the time-guantized signal; and.
.. 6 a variable pipeline delay coupled to the period quantizer and the noise-shaping
") 7 requantizer, the variable pipeline delay selectively delaying cycles of the time-quantized
8  signal in response to the noise-shaping signals.
1 12, The clock generator as recited in claim 11, finther comprising a phase-locked
2 loop, coupled to the variable pipeline delay and receiving the selectively delayed cycles of

3  the time-quantized signal.

1 13.  The clock generator as recited in claim 11, wherein the phase-locked loop has a
cut-off frequency that is lower than frequencies at which the delayed cycles of the time-
3  quantized signal has substantial jitier.
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4 a noi se-shapi ng requantizer coupled to the period quantizer af .
generating noise- 5 shaping signals in response to quantizationZe rop ¥ 2595
the tinme-quantized signal; and 6 a variabl e pipeline delay coupled to the
peri odwoQtgieks zer and the noi se-shaping 7 requanti zRET/USKiz&8yar i abl e

pi peline delay selectively delaying cycles -of the tinme-quantized 8 signal
I n response to the noi se-shaping signals. 1 12. The cl ock generator as
recited in ctaim1l, further conprising a phase-locked 2 | oop, coupled to

the variab el ine del a nd re Vi N y del ayed cycl es of
3 theq 5@%&%& ﬁ§¥ %&%@B@ﬁ%ﬁéﬁéﬁé%%ﬁg s recited in claim
112 vMMa&dmlandmldmpbdtdtb@pﬁhagf&ph@eanMﬁ frequency that is |ower
t han frequencies at which the deI ayed cycl es of the tine- 3 quantized
si gnal has substantlal Jltter JAN.200; WO 7050 PCT/ US01/ 24085
g ardeck peneasion 45 reciied éé Vherey the saiple Wﬁﬁé‘i}% Pn the phase-1 ocked
|OQD o&mﬁﬂﬁ&ﬂﬂﬂ%nﬂu@dﬁn&ﬁnﬂmﬁmﬂmﬁdnﬂapmhndﬂmzpmmmmnmmﬂpbmmbfa phase
detect,0 15 ;The clock generator as recited in claim14, wherein the
saﬁplézé%ﬂﬁﬂ |s 2 constructed and arranged to assune a hold state
responsive to a predeterm ned phase of 3 the desired signal 1 16. The
cl ?Cklﬂener&tdﬁck@&:eiﬂ&ﬂab%iﬁedmda&hmjﬂhMepm&qmﬁmi od quantizer 2

co rlses a period accurul ator cl ocked by the reference cl ock being
: ) inafirst 4 direction upon %glgh cycle of t he reference
cI a)ck 5 apetind sechuplator glogkediby theaplarsnes s ator and

gemerM&l e&lwdebfﬂlevefm@mk,r esponsi ve to a val ue of the period
urul at or cro SI E}ttgé ggulu& T é i direction. 1 17.
‘}A | ock gé’H rrprl ng uanti zi ng nmean or generating a
' t.@-wmﬂomWaﬂmtnarve@se (FERSSIng ac| ock;
7  predetermined level in the first direction. _

17. A clock genetator, comprising:

quanﬁzmgmeansfor generating a time-quantized signal in response to a reference
clock;

noise-shaping means, coupled to the quantizing means, for generating noise-
shaping signals in response to quantization errors of the time-quantized signal; and

delay means coupled to the quantizing means and the noise-shaping means, for
selectively delaying cyclesof the time-quantized signal in response to the noise-shaping
signals.

GO ~ Uy B W N e

18.  The clock generator as recited in claim 17, wherein the quanﬁzing means
comprises:

period accumulating means for incrementing a value in a first direction in
response to-each cycle of the reference clock;

underflow means for detecting when the value of the period accumulating means
crosses a predetermined level; and

means for incrementing the value of the period accumﬂahng means in a second
direction opposite the first direction, responsive to a detection by the underflow means.

GO0 =) N U B W N e

19.  The clock generator as recited in claim 17, wherein the delay means delays each
2 cycle of the time-quantized signal an integer number of reference clock cycles.

(=
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4 noi se-shapi ng nmeans, coupled to the quantizing nmeans, for gengqa&”ngzmw
noi se- 5 shaping signals in response to quantization errors of The

ti me-quanti zed signal; and 6 delay neans coupled to the quantizing neans
and t hgowehfgs Shapi ng neans, for 7 selectively del 2¢Ti§01y@5es of the
tune-quanti zed signal in response to the noise-shaping 8 signals. 1 18.
The cl ock generator as recited in claim17, wherein the quantizing neans 2
conprises 3 period accurrul ati ng, neans for increnenting a value in a first

di rect] es ﬁm&ﬁ@Lﬁh 1nhﬂﬁmkﬂﬁﬁ ock; 5 underfow
medns 5%?%%3 ue of cymul ating, neans 6
crdssebwampcﬁueméMmQﬁyﬁﬁﬂ@#éknk@W&S?YH@EH§B$GW°FH Hﬁﬁfmﬂﬁmgke val ue of
the pej, qs&ﬁﬁﬂmulatlng nmeans in a second 8 direction opposite the first
di rectron, responsive to a detection by the underflow neans. 1 19. The

cl ock generator as recited in claim17, wherein the delay neans del ays each
2 cycle of the tinme-quantized signal an integer nunber of reference clock
cycles. - 15 2 f JAN 2005 WD 02/17050 PCTIUS01/24085 1 20. The cl ock
generator as recited in claim19, wherein the noi se-shaping signals 2
determ ne the nunber of reference clock cycles by which each cycle of the
ti me-quantized 3 signal is delayed.
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